CONVERSION FACTORS AND VERTICAL DATUM

Multiply By
To obtain inch (in.) foot (ft) mile (mi) square mile (mi2) cubic foot per second (ftVs) 
INTRODUCTION
Man encroaches upon flood plains for many vital and worthwhile purposes. Intelligent, safe, and economically feasible encroachment demands an understanding and quantitative description of the magnitude and frequency of floods. A knowledge of the flood-frequency characteristics is essential to the design of adequate and economical bridges, culverts, embankments, dams, levees, and other structures near streams. Flood-plain management plans and flood-insurance rates are based on available information on flood magnitude and frequency.
Previous reports by Jenkins (1960) , Patterson (1964) , Speer and Gamble (1964) , and Randolph and Gamble (1976) have presented methods to define flood frequency for streams in Tennessee. The first three of these reports used a graphical fit on Gumbel probability paper for atsite frequency analysis and the index flood method (Dalrymple, 1960) for regional analysis. The first two reports were based on data collected mostly on large streams. Randolph and Gamble (1976) used log-Pearson Type III methods as described in U.S. Water Resources Council, Bulletin 17 (1976) for at-site frequency analysis and ordinary least-squares regression for regional analysis. This report uses log-Pearson Type III methods as recommended by the Interagency Advisory Committee on Water Data, Bulletin 17B (1982) for at-site frequency analysis and generalized least-squares regression for regional analysis. This report uses 16 years of additional data and additional sites representing a larger variety of stream types and sizes as compared to Randolph and Gamble (1976) .
The purpose of this report is to update previous floodfrequency reports for Tennessee by providing methods of estimating the magnitude of floods for selected recurrence intervals based on the most recent techniques and data available. The scope of the report is statewide. Data for some streams near Tennessee in adjacent states were incorporated into the analysis. 
AREA 1
Tennessee to about 6,600 feet in the Blue Ridge province in East Tennessee. Average annual precipitation ranges from about 47 inches in the west to 80 inches in the mountains in the east, and averages about 48 inches I statewide (U.S. Geological Survey, 1986) . Streams in the Coastal Plain generally have sustained flows during dry . periods while those on the Cumberland Plateau often go | dry. Many streams in the Central Basin also go dryl during long periods of no rainfall. Streams in the Blue Ridge, Valley and Ridge, and Highland Rim have sustained flows that vary between these extremes.
Average annual runoff varies from approximately 18 to 40 inches (U.S. Geological Survey, 1986 ). This variation is caused by seasonal precipitation patterns and the varied geography and geology of Tennessee. Evapotranspiration averages about 30 inches per year in Tennes-,1 see (Tennessee Department of Conservation and Commerce, 1961) .
Data Used in the Analysis
This study is based on streamflow data collected through 1986 from 304 gaging stations operated for 10 or more years. Of these, 223 are located within Tennessee and 81 are located in adjacent States near the Tennessee boundary. The streamflow records used were not significantly affected by manmade changes to the natural character of the stream. Records from streams that have been significantly affected by urbanization, channel dredging, or regulation from manmade controls were not used in this study.
FLOOD-FREQUENCY ANALYSIS AT GAGING STATIONS
A flood-frequency relation for a stream where gaging-station data are available can be defined by fitting the array of annual peak discharges (largest instantaneous discharge for each year) to a theoretical frequency distribution. The Interagency Advisory Committee on Water Data (1982) has recommended a uniform technique for determining flood-flow frequencies by fitting the logarithms of the annual peak discharges to a Pearson Type III distribution and has described these calculations in detail. This technique is now generally accepted by most Federal and State agencies and is referred to as the log-Pearson Type III frequency analysis. The logarithms of annual peak discharges for each gaging station used in this study were fitted to the Pearson Type III distribution (Interagency Advisory Committee on Water Data, 1982) .. Peak discharges for recurrence intervals of 2, 5, 10, 25, 50, 100, and 500 years were determined for each gaging station (table 1) . For those streams where regulation now exists, the discharge values presented are based on data collected prior to regulation.
A flood-frequency curve is the relation of flood-peak magnitude to probability of exceedance or recurrence interval. Probability of exceedance is the chance of a given flood magnitude being exceeded in any 1 year. A 5-year flood, for example, has the probability of 0.2 (or 20-percent chance) of being exceeded in any given year. Recurrence interval is the reciprocal of probability of exceedance and is the average number of years between exceedances for a long period of record. Recurrence interval, or average return period, does not mean floods occur at uniformly spaced intervals. For example, a 5-year flood is expected to be exceeded on the average of once in 5 years, or 20 times in 100 years. However, a flood of this magnitude can be exceeded more than once in the same year, or can occur in consecutive years.
REGIONAL FLOOD-FREQUENCY ANALYSIS
Peak discharges were computed from station frequency curves for selected recurrence intervals. They were related to basin and climatic characteristics using linear . multiple-regression techniques and generalized least-squares (GLS) regression analysis. These techniques yield equations that can be used to estimate the peak discharge at an ungaged site based on the basin characteristics of that site. The multiple-regression analysis determined basin and climatic characteristics which were statistically significant in estimating peak discharge and therefore warranted inclusion in the estimating equations defined by GLS. The basin and climatic characteristics tested for significance in the multiple-regression analysis were as follows:
Contributing drainage area (A), in square miles, is the rea that contributes directly to surface runoff. are Main channel slope (S), in feet per mile, measured at points 10 and 85 percent of the stream length upstream from the gage.
Stream length (L), in miles, measured along stream channel from gage to basin divide.
Mean basin elevation (E), in feet above sea level, measured from topographic maps by transparent ,600  533  576  9,790  9,440  28,400  24,800  12,000  11,500  44,100  42,800  26,200  27,400   3,490  2,930  20,000  17,900  111,000  110,000  2,210  2,250  58,700  57,300  1,340  1,480  98,500  93,100  76,000  75,300  15,700  16,600  86,800  87,100  110,000  116,000  1,990  1,820  657  702  11,700  11,100  32,600  27,500  13,100  12,800  51,000  49,500  29,100  30,500   5,800  4,700  28,100  25,200  160,000  157,000  2,880  2,960  80,400  77,000  1,700  1,990  158,000  150,000  107,000  105,000  20,600  21,900  126,000  125,000  129,000  145,000  2,490  2,260  1,010  1,050  16,900  15,700  43,500  36,600  15,700  15,300  68,600  65,500  35,900 38,500
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.a « n ,000  16,900  26,100  23,000  10,500  10,800  6,270  8,360  32,100  33,000  15,100  15,200  41,500  42,100  813  938  79,200  80,900  5,540  5,690  7,270  7,260  1,470  1,290  92,600  95,100  87,100  93,800  1,890  2,080  271,000  272,000  23,100  21,300   23,900  23,300  41,300  35,800  15,100  15,400  7,870  11,100  47,500  47,500  23,500  23,400  57,300  57,800  1,360  1,440  106,000  108,000   8 f 250  8,240  9,250  9,300  2,750  2,320  111,000  118,000  106,000  117,000  2,500  2,810  341,000  342,000  29,900 26,400 21  36  31  57  40  23  18  21  23  28  65  10  36  63  33  32  31  29   9  9  13  12  7  7  45  45  1  1  1  1  24  24  15  15  41  41  2  2 s ° *- grid-sampling method (20 to 80 points in basin were sampled).
Storage (ST), area of lakes, ponds, and swamps in percent of contributing drainage area, measured by the transparent grid-sampling method.
Precipitation (P), mean annual precipitation, in inches, for period 1935-64 from unpublished map prepared by TVA and based on data published in "Precipitation in Tennessee River Basin" by TVA, an annual series.
24-hour, 2-year rainfall (I), in inches, from U.S. Department of Commerce (1961).
Ordinary Least-Squares Regression Analysis
The multiple-regression analysis required several steps to define the best predictive equations. Initially, peakdischarge data from all gaging stations were regressed against their basin and climatic characteristics using ordinary least-squares regression techniques. This yielded an equation whose standard error was considered unacceptably large for reliable estimates of peak discharge. Residuals, in log units, for each gaging station from this regression were plotted on a map of Tennessee. A residual is equal to the log of the actual discharge obtained from the station frequency curve minus the log of the discharge computed from the regression equation. The residuals plot was inspected for geographic trends indicating potential regional groupings of gaging stations. Several regional groupings of gaging stations and combinations of basin characteristics were investigated in order to improve the accuracy of the estimating equations.
The ordinary least-squares (OLS) regression and regional analyses indicated that four regional groupings ( fig. 1) provided the most accurate estimating equations. The boundaries of the four areas approximately coincide with some of the physiographic province boundaries that occur within Tennessee.
The Wilcoxon Signed Ranks Test (Tasker, 1982) was used to test the statistical significance of the regional clustering of the regression residuals compared to the whole-sample group for the State. The test results showed that each regional boundary was statistically different from the whole-sample group at the 5-percent level of significance.
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Of the basin characteristics found to be significant for use in the estimating equations for each region, contributing drainage area was the only variable within each region ttyat proved to be a consistent predictor of peak flows associated with recurrence intervals ranging from 2 through 500 years (table 2). The standard error of the estimate, which represents a measure of how well the experienced flood peaks agree with those computed by the regression equations, was used as a measure of the prediction accuracy. In table 2, the highest standard error means that the variable was chosen first as the most significait explanatory variable in the regression. The next hig lest standard error in each category (region and recurrence interval) represents the explanatory variable which Was the second most significant variable. The difference in the first and second highest standard errors in each Category reflects the improvement by the addition of the n$w variable. 
Generalized Least-Squares Regression Analysis
Generalized least-squares regression analysis was performed on the regional groupings of gaging stations identified by ordinary least-squares regression. Generalized least-squares regression is used to determine the final regional equations because the technique contains an algorithm that accounts for the error inherent in two assumptions necessary when ordinary least-squares regression is used to estimate streamflow characteristics. The two assumptions required when ordinary least-squares regression is used to estimate streamflow characteristics are: (1) the estimates of peak discharges from site-to-site have a constant variance, and (2) the site-to-site streamflow data are statistically independent. Both assumptions are commonly violated because the standard errors associated with the estimates of peak discharges vary depending on the length of observed record, and because the site-to-site concurrent streamflow data are often correlated because they are caused by the same climatic events. Tasker (1985, 1986) have shown that generalized least-squares regression is superior to ordinary least-squares regression in accounting for the unequal variance of streamflow characteristics and crosscorrelated flows for nearby sites. Generalized leastsquares procedures use a weighting matrix to ensure that sites in the data set are weighted proportionally to the accuracy of the estimate of the peak discharges and the cross correlation of these events. Possible cross-correlation of streamflow data is included in the weighting matrix as a function of distance between gaged sites. Tasker and Stedinger (1989) describe the operational GLS model that was used in this analysis.
The accuracy of the regression equations is expressed in two ways: (1) standard error of prediction and (2) equivalent years of record (table 3). The standard error of prediction is partitioned into model error and sampling error. Model error is the error associated with assuming an incomplete model form for the prediction equations. Model error cannot be reduced by additional data-collection activities. Sampling error includes both time-and spatial-sampling errors and usually is reduced as more data become available through additional data collection.
Hardison (1971) describes a method of expressing the errors associated with predicting streamflow characteristics as equivalent years of record. Equivalent years of record is defined as the number of years of actual streamflow records needed to provide an estimate of equivalent accuracy to the regression equation estimate.
Prediction errors (table 3) are a measure of how well the regression model, or estimating equations, will perform when applied to ungaged sites. Prediction error provides a more accurate estimate of the predictive error of the estimating equations than the standard error of estimate (measure of how well actual flood peaks agree with those computed by the regression equations) shown in previous flood-frequency publications for Tennessee. This occurs because the weighting matrix in the generalized least-squares algorithm quantifies sampling error in addition to model error. A comparison of the standard error of prediction shown in table 3 to the standard error Table 3 . Summary of generalized least-squares regression equations Regional flood-frequency analysisof the estimate reported in the previous flood-frequency publication (Randolph and Gamble, 1976) could mislead the user into the false assumption that the previous equations produce a more accurate prediction. However, standard errors of estimate (table 2) can be compared with those shown in previous reports.
Generalized least-squares regression analysis was used to produce the final regression equations for this report (table 3) . These equations can be used to estimate peak discharges for the indicated recurrence intervals for ungaged streams in Tennessee.
METHODS OF ESTIMATING FLOOD FREQUENCY
Methods for estimating peak discharges at desired sites vary depending on the amount of data available at the site. Methods are presented in the following sections that describe procedures in the order of expected reliability.
Gaged Sites
Flood estimates at gaged sites can best be determined by a combined use of the gaging-station frequency curve and the regression equations. The recommended procedure (Interagency Advisory Committee on Water Data, 1982) is to compute the discharge for the desired recurrence interval by weighting the station value and the regression value. The weighted value is based on length of record of the observed station data (table 1) and equivalent years of record for the regression value as determined from table 3. The equation below is used to compute the weighted value:
where Qw is the weighted station discharge, Q, is the station discharge from the gaging station frequency curve, Qr is the regression discharge, N, is the number of years of gage record used to compute Q,, and NB is the equivalent years of record for Qr from table 3.
Discharges as defined by the station frequency curve and regionally weighted discharges for selected recurrence
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Flood frequency of streams in rural basins of Tennessee intervals have been determined for each gaging station used in the analysis (table 1) . The weighted values shown in the second line for each station are recommended for design purposes at gaged sites.
Ungaged Sites
For computing discharges at ungaged sites, a hierarchal system of methods should be used (table 4) . This hierarchy of methods is based on the location of the desired site with respect to gaging stations (flood-frequency information based on observed data). The methods referred When flood magnitudes are desired between two gages on the same stream, select the regionally weighted discharge for the desired recurrence interval (table 1) for each gage. Estimate discharge at the site of interest by interpolation on the basis of contributing drainage area. Interpolation can be done by plotting discharge and contributing drainage area on logarithmic paper for the two gaged sites and connecting the points with a straight line. Enter the straight-line relation with the value of the contributing drainage area for the site of interest and select corresponding discharge. If the contributing drainage area at the downstream gage is more than three times that at the upstream gage, use the procedure described in the next paragraph or the regression equations.
Method B
Flood discharges estimates for a desired recurrence interval for sites which: (1) are located between two gages or (2) are located relatively near a gaging station on the same stream can be calculated by a combined use of the weighted station data (table 1) and the regression equations (table 3) . Method B should be used for condition 1 described above if the drainage area of the downstream gage divided by the drainage area of the upstream gage is greater than 3. In this case, only data for the gage nearest in drainage area size to the site of interest should be used. Furthermore, the drainage areas of the nearest gage and the site of interest should be within 50 percent. For condition 2 described above, the drainage areas of the gage and the site of interest should be within 50 percent.
The calculation procedure for this method involves transferring the weighted station discharge value from table 1 upstream or downstream and weighting the result with the regression discharge computed using table 3. The weighted station value can be transferred upstream or downstream by the equation, (2) and a weighted value at the ungaged site can be calculated by the equation,
where Qw is the weighted station value from table 1; Q' w is the weighted station discharge from table 1, transferred upstream or downstream to the ungaged site, defined by equation 2; Q" w is the final weighted discharge at the ungaged site; Qr is the regression discharge at the ungaged site; Au is the drainage area of the ungaged site; A, is the drainage area of the gaged site; AA is the absolute difference between AB and As; and b is the regression coefficient (exponent) of drainage area of the gaged site from table 3.
If the drainage area for the ungaged site lies within more than one hydrologic area, use method C for computation of Qr in equation 3.
Method C
In some cases, streams cross hydrologic area boundaries. For a site downstream from this crossing, compute the desired discharge as if the total drainage area lies in each hydrologic area and weight the discharges on percentage of drainage area in each hydrologic area. This same procedure can also be used at sites on streams that cross state lines where different estimating techniques apply.
In summary, suggested procedures for estimating peak discharges for selected recurrence intervals at a desired site are as follows:
1. Determine that the stream is not appreciably affected by manmade changes.
2. From figure 1 determine hydrologic area in which the site is located.
3. Search for stream-gaging information at the site using figure 1 and table 1.
4. Search for stream-gaging information for nearby sites on the same stream.
5. Measure the contributing drainage area, in square miles, from the best map available.
6. Estimate desired discharges using method A, B, C, or the appropriate regression equations.
Method of estimating flood frequency 21 Computation Examples
Example 1:
Assume the discharge is desired for a flood with a recurrence interval of 50 years at the ungaged site, Buffalo River at Natchez Trace (Lewis County). Desired site does not meet criteria from table 4, method A, B, or C, therefore, use regression formulas in table 3.
From figure 1, site is in hydrologic area 2.
From table 3, the equation to use is: Q50 = 800 A0694 .
From 71/2-minute topographic maps, the drainage area is 99.8 mi2.
Final equation is: Q50 = 800 (99.8)0694 = 19,500 cubic feet per second.
Example 2:
The discharge for a flood with a recurrence interval of 50 years is desired for an ungaged site on Collins River upstream from Hills Creek. The drainage area at the site is 232 mi2 of which 175 mi2 (75 percent) lies in hydrologic area 1 and 57 mi2 (25 percent) lies in hydrologic area 2. Desired site does not meet criteria for methods A or B (table 4), but does meet method C criteria. The 50-year flood discharge should be computed using the equations for both hydrologic areas 1 and 2 from table 3 for 232 mi2. The final discharge is a weighted value based on percent of drainage area in each hydrologic area. Use Q50 = 23,700 cubic feet per second.
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Example 3:
The discharge for a flood with a recurrence interval of 50 years is desired for a site on Piney River upstream from the gaging station at Vernon (03602500). The site is in hydrologic area 2 and has a drainage area of 160 mi2. The drainage area of Piney River at the gage is 193 mi2. Because the drainage area at the site is within 50 percent of that at the gaged site, the criteria for method B, table 4, is satisfied and should be followed.
From table 3, the equation to use is:
= 800 (A)° «. Q50
At the site Q, = 800(160)ae94 = 27, 100 cubic feet per second.
From table 1, the 50-year weighted discharge, Qw, the gaging station near Vernon is 36,700 cubic f Jet per second. This discharge is transferred up- 
Accuracy and Limitations of Flood-Frequency Estimates
The regression equations are known to be applicable only within the range of drainage basin size in the sample used in the analysis. Reliability of the equations for estimating discharges at sites outside the sample range is unknown. Consequently, the regression equations might only be sizes fal within the following ranges: reliable for streams in Tennessee whose basin Hydrologic area 1 Hydrologic area 2 Hydrologic area 3 Hydrologic area 4 0.36 to 21,400 mi2 0.47 to 707 mi2 0.03 to 892 mi2 0.76 to 2,308 mi2
The degree of regulation of streams in Tennessee has varied from the negligible effect of the grist mill dams of the early settlers to nearly complete regulation of most major streams at present (1992). The methods for estimating peak discharges described in this report are not applicable to streams downstream of reservoirs. Major dams, streams affected, and date of closure are listed below:
Dam
Streams affected Date of closure
Flood-frequency data for most of the streams listed can be obtained either from the U.S. Army Corps of Engineers (Nashville District) for streams in the Cumberland River basin or from the Tennessee Valley Authority for streams in the Tennessee River basin. In addition to regulation on major streams, flood characteristics in several small basins across the State have been altered by Soil Conservation Service watershed projects. Information concerning the location of these projects can be obtained from that agency.
In West Tennessee, construction of levees and dredging of the low-water channels have undoubtedly affected flood flows. The effect of this work cannot be evaluated quantitatively since most of the work was done before streamflow records were collected systematically or was done on streams where little or no streamflow records are available.
The user is cautioned to look for manmade changes in the basin upstream from the site where an estimate is to be made. Reservoirs, urban development, levees, channel improvements, and transfer of flows between basins for such purposes as storage, water supply, irrigation, hydroelectric plants, and storm drainage might alter flood flows.
MISCELLANEOUS FLOOD DISCHARGE INFORMATION
Flood records covering various periods of time have been collected at gaging stations in Tennessee. Data for maximum known flood at these gaging stations (table 5) might be of interest to the user of this report as a comparison to calculated peak discharges for various recurrence intervals.
Flood-discharge measurements have been made at a number of miscellaneous sites since publication of the last (1976) flood-frequency report for Tennessee. Miscellaneous measurements of flood flow are usually made when a notable flood occurs at a site where a stream gage does not exist. The discharge information (table 6) is a compilation of all the miscellaneous measurements since 1972 in the U.S. Geological Survey Water Resources Data for Tennessee, published annually. It is intended to supplement the miscellaneous peak-discharge information compiled in the previous (1976) flood-frequency report. 
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